Abstract Thermogravimetry (TG) and Differential Thermal Analysis (DTA) techniques coupled with mass spectrometry were applied to evaluate the chemical stability of BaCeO 3-d -based materials in the CO 2 -and H 2 Orich atmosphere. The different groups of materials were investigated: solid solutions of BaCeO 3 -BaTiO 3 and BaCeO 3 -BaSnO 3 acceptor doped by Y or In and composite materials with nominal composition (1-x)BaCe 0.9 Y 0.1 O 3-d -xYPO 4 . To evaluate the chemical stability towards carbon dioxide and water vapour samples were exposed to atmosphere containing CO 2 /H 2 O (7 % of CO 2 in air, 100 % RH) at temperature of 25°C for 350 h. Thermal analysis (TG/DTA) was applied to analyse the materials before and after the test. To support the interpretation of TG/DTA results, the analysis of gaseous products evoluted during thermal treatment of the samples was provided using mass spectrometer. This combined analysis clearly shows that during the exposition test, the conversion of barium cerate to barium carbonate and barium hydroxide occurs. The amount of BaCO 3 and the degree of BaCeO 3-d conversion depend on the type of barium cerate modification. The mass loss observed after the exposition test can be treated as a measure of chemical instability of BaCeO 3-d -based materials. The correlation of chemical stability, described by the mass loss, on Goldschmidt tolerance factor, describing the deviation from ideal perovskite structure, was found in most of the materials investigated. However, the influence of the microstructure and the modification the grain boundaries on the chemical stability of BaCeO 3-d -based materials cannot be neglected.
Introduction
One of the greatest disadvantages of proton conductors based on BaCeO 3-d is poor chemical stability especially in atmospheres containing CO 2 and H 2 O. Despite the highprotonic conductivity, unacceptably low-chemical stability resulting in decreasing the mechanical durability limits possible applications of these materials. The reason of poor chemical stability of BaCeO 3-d -based materials is possibility of barium cerate reaction with CO 2 and H 2 O resulting the formation of secondary BaCO 3 (or Ba(OH) 2 ) and cerium oxide according to the reactions [1, 2] BaCeO 3 þ CO 2 ! BaCO 3 þ CeO 2 ð1Þ
The chemical stability of BaCeO 3-d -based materials can be discussed, depending on the temperature range, on the level of working (generally 400-800°C) or storage (room temperature) conditions. Studies presented in the literature are mainly focused on high-temperature corrosion which occurs where materials are used. In order to verify the stability towards CO 2 , samples are exposed to CO 2 -containing atmosphere in the relatively high-temperature (600-800°C) for a long period of time (up to 200 h) [3] [4] [5] [6] [7] [8] [9] , which simulates the working conditions of electrochemical devices built from these materials. The XRD analysis of materials after such tests clearly shows the presence of barium carbonate which indicates that during the exposition of BaCeO 3-d -based materials to the CO 2 -rich atmospheres the reaction (1) occurs. To evaluate the stability of BaCeO 3-d -based materials towards CO 2 , the thermogravimetry (TG) can be also applied. Increase of the mass observed during heating of the samples in the carbon dioxide atmosphere corresponds to CO 2 absorption which leads to production of the secondary barium carbonate [1, 4] . On the other hand, the mass loss observed while the samples after the exposition on CO 2 are heated is connected with the decomposition of secondary barium carbonate formed [1] . To evaluate the stability of BaCeO 3-d -based materials towards H 2 O, boiling the samples in the water is usually performed [4, 5, 10] . The presence of Ba(OH) 2 in the samples after the test is the confirmation that during the test, the reaction (2) takes place. Thus, the amount of BaCO 3 or Ba(OH) 2 ) into the barium cerate [11] [12] [13] [14] [15] [16] , which indirectly leads to the increase of the concentration of protonic defects in the water-/hydrogen-rich atmosphere according to the reactions
Unfortunately, in most cases, the decrease of chemical stability is observed for materials modified by acceptor doping.
Based on thermodynamic data, it can be stated that BaTiO 3 , BaZrO 3 or BaSnO 3 exhibit much higher chemical stability towards CO 2 than barium cerate. The incorporation of zirconium or titanium into the BaCeO 3-d lattice and formation of solid solutions BaCe 1-x M x O 3-d (M = Zr, Ti) seem to be the natural way to enhance chemical stability [1, [17] [18] [19] . In such cases, the decrease of electrical conductivity is observed. Currently, the optimal compositions were recognized, where the amounts of both types of dopants are the compromise between the stability and the electrical conductivity. Commonly, the BaCe 0.7 Zr 0.2 Y 0.1 O 3-d is considered to be the best material for construction of different electrochemical devices [1] . Some experiments showed that BaCe 0.7 Zr 0.2 Y 0.1-O 3-d may still have unsatisfactory stability, and the latest BaCeO 3-d -based materials proceed to zirconium richer compositions [20] .
The influence of dopants used on chemical stability can be discussed taking into account the modification of crystallographic structure, where the ionic radius of host and dopant atoms are the crucial parameters. The detailed discussion using the Goldschmidt tolerance factor, which describes the departure from ideal cubic structure, and its dependence on the ionic radius of dopants used will be presented in Results part.
In this work, the dopants used were selected based on the dependence of chemical stability on the structure. An yttrium and indium were chosen as the acceptor dopants as the ionic radii of Ce 4? (0.087 nm) is slightly smaller than for Y 3? (0.090 nm) and slightly greater than for In 3?
(0.080 nm) [21] . Titanium and tin were used as possible alternative to Zr dopant, which was widely described in the literature. Additionally, we have tested composite materials which is the completely different approach towards improved stability and electrical conductivity. The properties of composite materials with nominal composition of
2) system were tested and compared with the single-phase-doped materials.
The main purpose of this work was to evaluate the functionality of the DTA-TG-MS method for determination of chemical stability of BaCeO 3-d -based protonic conductors towards CO 2 and H 2 O vapours. In this work, the materials after low-temperature corrosion tests (simulating storage conditions) were measured in order to complement the literature data concerning materials mostly after hightemperature corrosion tests which correspond to working conditions of materials.
Experimental and sample preparation
Four groups of materials were synthesized:
• solid solutions of BaCeO 3 -BaTiO 3 , synthetic air atmosphere, platinum crucibles) supported by mass spectrometry MS analysis of the gaseous products (QMD 300 ThermoStar Balzers) and by XRD analysis (Philips X'Pert with CuKa radiation) of obtained products. Received materials were crushed and milled in the absolute alcohol suspension with ZrO 2 -grinding media (/ = 5 mm, suppl.: Tosoh, Japan). After drying powders were formed in a pellet die, isostatically pressed (250 MPa) and sintered at 1,600°C for 3 h in air atmosphere. All obtained materials were stored in desiccator to avoid any secondary reactions, especially with CO 2 and H 2 O vapours.
Based on TG/DTA measurements, MS and XRD results, the general reactions of formation of BaCeO 3-d -based materials can be described according to chemical reactions given below.
In the case of yttrium-dope
The formation of solid solution of barium cerium-titanium oxide and barium cerium-tin oxide
The formation of yttrium-doped barium cerium-titanium oxide
The reaction of indium-doped barium cerium-tin oxide (Ba(Ce 1-x Sn x ) 1-y In y O 3-d ) formation can be written analogically to Eq. (7).
The synthesis of composite materials can be simplified by the reaction:
where a and b correspond to the amount of Ba 3 (PO 4 ) 2 and CeO 2 phases formed. Equations (5-8) written above do not describe the mechanism of the reactions but only follow the stoichiometry and the phase composition of obtained materials, according to the XRD data, as discussed below.
Thermogravimetry, differential thermal analysis (DTA) and mass spectrometry (MS) were applied for evaluation of stability of BaCeO 3-d -based materials in the presence of CO 2 and H 2 O. All samples were exposed to the atmosphere containing CO 2 and H 2 O (7 % of CO 2 in air, 100 % RH) at 25°C for two weeks (about 350 h). After this exposition, test samples of mass about 50 mg were heated in the platinum crucible with the rate of 10 deg min -1 in synthetic air atmosphere with flow rate 6 dm 3 h -1 . The quadruple mass spectrometer QMD 300 ThermoStar (Balzers) operated with an electron impact ionizer (70 eV) connected on-line with SDT apparatus by the heated (up to 200°C) quartz capillary was applied to support the interpretation of the thermal decomposition results of the samples before and after the exposition test. The amount of CO 2 evolved during this measurement and the mass loss were treated directly in this comparative test as a measure of the chemical instability of the materials tested.
To determine the phase composition and crystallographic structure of obtained materials, X-ray diffraction XRD (Philips X'Pert with CuKa radiation) technique was applied. The microstructure observations were performed using scanning electron microscope SEM (Nova Nano SEM 200 FEI & Oxford Instruments).
Results and discussion
Phase composition, structure and microstructure Figure 1 shows the comparison of representative XRD data obtained for different groups of materials investigated in this work. Based on the XRD results [22] , it can be stated that in the case of BaCeO 3-d materials, the orthorhombic structure (Pmcn) changes to more symmetrical structures (tetragonal and trigonal) when the Ti is introduced into the lattice up to x = 0.2. In the case of Ti (x = 0.05)-and Y (0 B y B 0.2)-doped materials, the single perovskite (Pnma) phase was found for all compositions. The introduction of smaller amounts (x = 0.01-0.10) of Sn into the BaCe 1-x Sn x O 3-d lattice leads to the materials crystallizing in orthorhombic structure (Imma), while for higher concentrations, the trigonal (R-3c) phase was found. In the case of Sn (x = 0.05) and In (0 B y B 0.2) doped materials, only orthorhombic (Imma) structure was detected. More detailed studies concerning the influence of Sn and In Figure 2 shows the example SEM images of fractured BaCeO 3-d sample. In the case of undoped BaCeO 3-d , the dense material with average grain size of several lm can be observed. The introduction of yttrium dopant does not led to significant changes in microstructure, only smaller grain size can be observed. Figure 3 shows the SEM images of fractured BaCeO 3-d samples modified with Ti and Sn. Introduction of Ti leads to the lower porosity comparing to the Sn dopant. In case of titanium, no dependence on Ti concentration can be observed; while in the case of tin doping, the increase of Sn concentration leads to the increase of porosity and decrease of the average grain size.
In the case of composite materials, the microstructure similar to undoped material can be observed. The smaller grains are present, caused by Y doping. Also, the grains of second phase Ba 3 (PO 4 ) 2 can be recognized.
The described influence of dopants on crystallographic structure and microstructure is essential in interpretation of the chemical stability of investigated materials. Namely, the Goldschmidt tolerance factor describing the stability of the perovskite structure and the porosity will be used during discussion of chemical stability results presented below. All prepared samples under the test were exposed to the atmospheres containing CO 2 and H 2 O vapour for the same period of time, to allow quantitative comparison of the dopants used on chemical stability. The amount of barium carbonate and barium hydroxide formed during the exposition can be directly determined from the mass loss observed on TG curves of the samples. Thus, this mass loss is strictly correlated with the chemical instability of the materials. The details of the test procedure are given in experimental part. Figure 4 shows TG/MS results for BaCeO 3-d before and after the exposition tests. For the material before the exposition, only insignificant mass loss around 0.05 % (in the temperature below 200°C) caused by the liberation of water absorbed on the surface of material is observed (Fig. 4a) . The TG curve for BaCeO 3-d after the exposition test shows gradual mass loss in the entire temperature range, leading to the total mass loss of 0.9 % at 1,100°C (Fig. 4b) . The TG/DTA curves and ion current lines suggest three steps of the decomposition of secondary products formed during the exposition test. The first one, for the temperatures below 200°C, is the release of water. The low temperature of the process suggests dehydration of material and liberation of the water absorbed on the surface and in the pores of sintered BaCeO 3-d . The next step in the temperature range 400-600°C can be attributed to the decomposition of barium hydroxide Ba(OH) 2 or destruction of protonic defects in dry air atmosphere, as reported in literature [24, 25] . According to the literature, the decomposition temperature of pure Ba(OH) 2 is about 410°C [24] . The last step in the temperatures above 800°C can be described as decomposition of secondary BaCO 3 formed during the exposition test. As it is reported in the literature, the temperature of decomposition of BaCO 3 is above 900°C however strongly depends on the decomposition atmosphere [26] . Figure 6 shows TG results for the samples with the same compositions, but after the exposition test. Analogical measurements were performed for all prepared samples.
According to the data presented in Fig. 5 , the mass loss of all materials before the exposition test is very low, below 0.35 %. It indicates that as-prepared samples, stored in desiccator before the exposition test, are almost free from any secondary barium carbonate or hydroxide. In the case of acceptor-doped samples (samples 4, 5, 6), the mass loss is caused mostly by the liberation of water molecules in the temperature range 400-600 (750)°C, which can be attributed to the destruction of protonic defects. Acceptordoped materials exhibit much higher concentration of such defects than undoped materials, according to the Eq. [8, 27, 28] , where the correlation between the crystallographic structure (symmetry) and chemical stability was shown.
In case of composite materials, the improvement of chemical stability can be also noticed. In this case, the modification of grain boundaries by the presence of the additional phase may be postulated, thus blocking the possible ways of deterioration process.
The detailed discussion of presented results may be extended based on the analysis of Goldschmidt tolerance factor, S, describing the departure from ideal cubic perovskite structure [28] :
where r A , r B and r O describe the ionic radii of A, B and O ions in ABO 3 perovskite structure, respectively. According to the literature data [27, 28] , generally the higher Goldschmidt tolerance factor, the better chemical stability of material is expected. In order to discuss the influence of used dopants on the chemical stability, the Goldschmidt tolerance factors were calculated using the ionic radii (Table 1) , taking into calculations the weighted averages of host and guest ion radius [21, 29] . Figure 7 shows the dependence of measured mass loss on the calculated Goldschmidt tolerance factors for all investigated samples. Taking into account that mass loss can be treated directly as a measure of chemical instability and the Goldschmidt tolerance factor describes the crystallographic structure, the influence of used modifications can be easily discussed. As can be seen, in the case of Tidoped materials (Fig. 7a) , the expected improvement of chemical stability was achieved by Ti doping, comparing to undoped material. Surprisingly, the higher concentration of Ti the worse stability of material was found. Such unexpected inverse dependence of mass loss versus Goldschmidt tolerance factor, S, cannot be directly clarified. The possible explanation should probably involve the influence of Ti concentration on the grain boundary properties.
In the case of yttrium-doped BaCeO 3-d (for 5 % Ti), the observed dependence of mass loss versus S is as expected, the higher concentration of yttrium, the lower S and the higher mass loss (worse stability), as shown in Fig. 7b . Only for the highest concentration of Y tested (20 %), the unexpected higher stability was observed. The possible explanation can involve the yttrium content higher than solubility limit reported in the literature (10 % of yttrium in BaCeO 3-d ) [25] .
Doping by tin leads to the improvement of chemical stability, the higher concentration of tin the lower mass loss is observed, as expected (Fig. 7c) . Taking into account the influence of tin concentration on microstructure, as shown in Fig. 3 , it can be stated that the modification of microstructure by tin does not affect the chemical stability.
In the case of doping by indium (for 5 % of Sn), the observed dependence of mass loss on Goldschmidt tolerance factor is in disagreement with expected one; the higher S, the worse chemical stability (Fig. 7d) . This observation can be explained taking into account higher concentration of oxygen vacancies formed according to the reaction (3) due to increasing concentration of acceptor dopant. Thus, the mechanism of formation of secondary barium carbonate must involve the role of oxygen vacancies and higher diffusivities of ions in acceptor-doped materials comparing to undoped one. The role of structure symmetry has the minor impact in such cases.
Generally, based on the presented results concerning chemical stability of BaCeO 3-d -based materials, it can be stated that the analysis of the influence of different dopants on structure symmetry described by Goldschmidt tolerance factor is not sufficient. The role of defect chemistry modification, the role of grain boundaries and microstructure Application of DTA-TG-MS for determination of chemical stability 689 must be taken into account, especially in the cases when the changes of Goldschmidt tolerance factor caused by doping are relatively low.
Conclusions
In this work, the results concerning the chemical stability of barium cerium oxide-based materials tested using DTA and TG techniques were presented. Also, the structural and microstructural properties of these materials were studied, in order to assist the interpretation of chemical stability results. Different groups of materials based on BaCeO 3-d were synthesized and investigated. The phase composition, crystallographic structure, microstructure, and the chemical stability in the presence of CO 2 and H 2 O, were determined as a function of chemical composition of synthesized materials. The correlation of chemical stability on Goldschmidt tolerance factor, describing the deviation from ideal perovskite structure, was found in most of the materials investigated. Additionally, the role of defect chemistry modification and microstructure must be taken into account when explaining the influence of used modifications on chemical stability of materials.
It was found that DTA-TG technique is the especially an useful tool to compare the chemical stability of different materials. The mass loss can be treated directly as a measure of chemical instability of materials under the condition that all materials were exposed to the same corroding conditions (the same gas atmosphere and time). The corrosion tests conditions applied in this work (350 h at room temperature in CO 2 7 % and H 2 O 100 % RH) were found to be well optimized for the group of materials tested. Namely, the mass loss was high enough to be measured using the TG technique, from the other hand, the secondary corrosion reaction was not complete (not the whole material was converted into secondary carbonates or hydroxides), thus the saturation of signal was not observed.
The DTA-TG technique was found useful for our test not only from the point of view of determination of mass loss as a direct measure of chemical instability, but also from the point view of interpretation of corrosion mechanism. Each mass loss clearly seen on TG curve correlated with the endothermic effects of DTA curve can be assigned, depending on the temperate, to the dehydration of the materials, decomposition of the secondary formed Ba(OH) 2 , destruction of protonic defects or finally the decomposition of BaCO 3 formed as the result of chemical instability of barium cerate. Obtained results can be also useful for determination of the optimal composition of intermediate temperature ceramic protonic conductor suitable for potential future applications.
